Our objective was to compare human papillomavirus (HPV) detection in paired self-collected vaginal samples transported by overnight mail in liquid specimen transport medium (STM) (wet) or in dry tubes (dry). Women aged 18-24 years were recruited online to self-collect vaginal swab samples at home for HPV testing and 159 women returned paired wet and dry samples. Dry samples were rehydrated with STM upon arrival at the laboratory. HPV was detected by the Roche Linear Array HPV genotyping test (37 genotypes) and Kappa and McNemar statistics were used to compare wet versus dry samples for detecting HPV. Of the subjects tested in this study, 51 % were HPV-positive (in either sample) and 40 % were positive for high-risk HPV. A total of 216 type-specific infections were detected among the 80 HPV-positive women. Almost perfect agreement was observed between paired samples for detecting any HPV (subject-level positive agreement: 91.9 %, k: 0.85) or type-specific HPV (positive agreement across types: 90.1 %, k: 0.90). Similar agreement between sample types was seen when testing for high-risk types and 81.9 % of all type-specific infections were detected in both samples. Among discordant pairs, wet samples were 3.3 times more likely to be positive for type-specific HPV than dry samples (P50.02). However, in 63.6 % of wet-positive/dry-negative discordant pairs analysed for viral load, type-specific HPV was either undetectable or detected at a low level (,100 copies) in the wet samples, suggesting that the majority of infections missed by using dry samples are less likely to be clinically relevant. Our results indicate that dry transport is a feasible option for transporting at-home self-collected vaginal samples for HPV DNA testing.
INTRODUCTION
Human papillomavirus (HPV) DNA testing is highly sensitive for detecting cervical cancer precursors (Cuzick et al., 2008) . In clinical practice and research, HPV testing is typically performed on clinician-obtained cervical samples collected into a liquid-based medium (Gravitt et al., 2011) . Self-collected vaginal samples for HPV testing, which can be collected in non-clinical settings, have the potential to increase cervical cancer screening coverage (e.g. for women in hard-to-reach populations or women without health care) (Gravitt et al., 2011; Schmeink et al., 2011) . There are also potential applications for using selfsampling as a primary screening tool followed by in-clinic triage (with cytology for those testing positive for high-risk HPV), which may be more cost-effective than screening with Pap tests alone (Cuzick et al., 2008; Balasubramanian et al., 2010) . Studies have compared self-collected and clinician-collected samples for HPV testing and reported good agreement for detecting HPV (Moscicki, 1993; Sellors et al., 2000; Kahn et al., 2004; Agorastos et al., 2005; Winer et al., 2007; Schmeink et al., 2011) .
It would be advantageous if self-collected samples for HPV testing could be transported in a dry state; the potential for spillage and leakage during collection and transit would be eliminated, as would the potential for skin irritation and damage by accidental consumption (e.g. by a child in the household) caused by chemicals, such as sodium azide, that are present in liquid transport solutions. A handful of studies have investigated the feasibility of dry transport of vaginal or cervical samples for STD testing and these demonstrated good agreement between dry and wet IP: 54.70.40.11
On: Fri, 08 Feb 2019 19:34:13 collection and transportation methods for detecting Neisseria gonorrhoeae and Chlamydia trachomatis (Gaydos et al., 2002) and HPV (Shah et al., 2001; Feng et al., 2010; Kailash et al., 2002; Shukla et al., 2010) . There is some concern that shipped samples have the potential for loss of HPV DNA through sample degradation (Baay et al., 2009; Feng et al., 2010) and that this may be more pronounced in samples transported in a dry state (Feng et al., 2010) .
To our knowledge, this study is the first to compare HPV detection in self-collected vaginal samples collected in nonclinical settings and transported at room temperature in a dry state versus in liquid medium. We also evaluated the effects of transport time on sample degradation and HPV detection in samples transported dry versus in liquid medium.
METHODS
Study subjects. Between April 2010 and January 2011, women aged 18-24 years were recruited via www.craigslist.org and other free online volunteer posting sites, targeting 46 major US cities on a rotating basis. This was a dual-purpose, cross-sectional study to evaluate risk factors for HPV infections in young women who date online as well as methods for transporting self-collected vaginal samples. Eligibility criteria were tailored to facilitate the evaluation of risk factors. Therefore, eligible women must have used the Internet to search for romantic partners in the previous year, had sex with men, had no serious immunosuppressive disorders and must not be currently pregnant or have had a hysterectomy.
Clinical sample collection. Enrolled participants were randomized for collection of either the dry sample first or the wet sample first and mailed a kit with illustrated instructions for self-collecting vaginal swab samples for HPV testing. The kit contained two Dacron-tipped swabs, one covered tube containing 1 ml of Specimen Transport Medium (STM) (Qiagen) (labelled 'Wet'), one covered tube containing no liquid medium (labelled 'Dry'), a set of nitrile gloves, a plastic bag, a biohazard bag, a hard plastic shipping container and a pre-paid standard overnight Federal Express (FedEx) envelope addressed to the study coordinator at the University of Washington student health centre. Subjects were asked to refrain from douching, having vaginal intercourse and using vaginal medications or preparations for 48 h prior to collection; they were also asked to collect the samples at least 2 days after the end of their last menses and to collect and ship their samples on the same day.
Immediately upon arrival at the student health centre, samples were refrigerated at 4uC. Samples were transported by ground courier every Monday and Thursday to the off-campus HPV laboratory (University of Washington HPV Research Laboratory, Harborview Medical Center Research and Training Building, 300 Ninth Ave, Rm 710, Seattle, WA 98104, USA) with the goal of ¡3 days between sample arrival and transport to the lab. At the lab, wet tubes were immediately stored at 220uC, while dry tubes were immediately rehydrated with 1 ml STM and then stored at 220uC. Transport times were recorded to evaluate whether differences in shipping and processing influenced HPV detection. The study protocol was reviewed and approved by the University of Washington Institutional Review Board.
Genomic DNA isolation from vaginal self-collected swab samples. Samples were digested with 20 mg ml 21 proteinase K at 37 uC for 1 h and between 800 and 900 ml of the digested sample was collected. For HPV detection by dot blot hybridization and Roche Linear Array HPV genotyping test, genomic DNA was isolated from 200 ml of the digested samples using a QIAamp DNA blood mini column according to the manufacturer's protocol (Qiagen) and resuspended in 100 ml Tris-EDTA (TE). For quantification of cellular and HPV DNA levels by real-time PCR assays, genomic DNA was reextracted from 100 ml of the digested samples and resuspended in 25 ml AE buffer.
HPV detection and genotyping. Samples were tested for HPV DNA using PCR-based methods described previously (Winer et al., 2003; Weaver et al., 2004) . Purified DNA (2 ml; one 250th of each sample) was amplified in 50 ml PCR reaction volumes and 10 ml of the resultant PCR products were dotted onto nylon filters and probed with both biotin-labelled HPV generic probe and a biotin-labelled bglobin probe. Samples that were negative for b-globin DNA were deemed insufficient for analysis. Specimens determined to be HPVpositive by generic probe (as described in Bauer et al., 1991) were typed using the Roche Linear Array HPV genotyping test (Roche Molecular Systems) for 37 types of HPV (types 6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 45, 51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 71, 72, 73, 81, 82, 83, 84, CP6108 and IS39) . Both samples collected from each individual woman were run in the same batch to ensure that both samples were stored for the same length of time prior to testing and that both samples underwent identical assay conditions.
Quantification of cellular and HPV DNA levels. All pairs of samples with at least one negative result for b-globin and all dry/wet sample pairs that were discordant for at least one HPV type were selected for quantitative testing. We also selected a random sample of concordant pairs for quantitative testing. Cellular DNA quantification was performed on all selected samples and HPV type 16, 31, 39, 45, 51, 59 , and 73 DNA quantification was performed on paired samples from women testing positive for these types by consensus PCR. For example, if a woman was discordant for HPV type 16 and concordant for HPV type 31, levels of both HPV type 16 and HPV type 31 DNA were quantified in both samples in the pair.
Duplex real-time PCR was used for simultaneous quantification of HPV DNA and cellular DNA. Optimized duplex reaction conditions were used to ensure that there was no interference between the detection of HPV and cellular DNA. Each sample was assayed in triplicate. HPV type-specific primers/probes (for the E7 gene) were designed using Primer Express (Applied Biosystems) ( Table 1) . Commercially available primers and probes for the b-actin gene were used for cellular DNA estimation (Applied Biosystems). The assay was set up in a reaction volume of 4 ml using the TaqMan Universal PCR Master Mix kit (Applied Biosystems). Amplification was carried out on an Applied Biosystems 7900 HT Sequence Detection System with a cycling program of 50 uC for 2 min and 95 uC for 10 min followed by a two-step cycle of 95 uC for 10 s and 60 uC for 1 min for 50 cycles.
The known copy number of the type-specific HPV genome and the known amount of cellular DNA (per 1 ml purified sample) were used as standards for absolute quantification (derived from two standard curves and based on the cycle threshold values of the sample assayed). The number of viral copies was normalized according to the input amount of cellular DNA and expressed as the number of HPV copies per ng cellular DNA. These corrected copy numbers were log 10 transformed and a mean of the three measures was used for analysis. If one of the three measures differed by more than two standard deviations, the mean of the two remaining measures was used. Runs with cycle thresholds .40 were classified as having undetectable DNA levels. Samples with two or more runs that had undetectable HPV DNA or cellular DNA levels were excluded from the analyses.
We also measured cellular DNA alone and in triplicate to compare cellular DNA levels between dry and wet samples. Similarly, each IP: 54.70.40.11
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Statistical analysis. Detection of HPV in dry and wet self-collected vaginal samples was assessed at the subject-level and at the genotypelevel for any cases of HPV, high-risk HPV and low/undetermined-risk HPV. High-risk HPV included the following 19 types: 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, 82, IS39 ; all other types were classified as low or undetermined risk (Muñoz et al., 2006) . The genotype-level analyses were pooled across HPV types. For example, a woman positive for types 16 and 31 would contribute two observations to the pooled genotype-level analysis for high-risk HPV and one observation to the subject-level analysis for high-risk HPV.
Since our focus was on sensitivity of tests for HPV detection, we focused on positive agreement. We determined the observed proportion of positive agreement (Cicchetti & Feinstein, 1990) and calculated an unweighted kappa statistic (k) to determine the percentage agreement beyond that expected by chance. We computed 95 % confidence intervals (CI) for all kappa values. For the genotype-level analysis, 95 % CIs were calculated using percentile bootstrap methods with 1000 repetitions to account for within-subject correlation.
To determine whether HPV was more likely to be detected in the wet or dry sample, we categorized each HPV type as being detected in the wet sample only, the dry sample only, both samples or neither sample (if that type was not detected). We then fitted a logistic regression model without covariates to the discordant results (coding wet only as 1 and dry only as 0). The intercept from this model estimated the log odds that HPV will be detected in the wet sample versus the dry sample [i.e. the odds ratio (OR)]. This analysis was equivalent to McNemar's test. A robust variance estimate was used to account for correlation between multiple HPV types within an individual woman in genotype-level analyses. We then added covariates in two separate models to determine whether the OR varied with the randomization strategy or transport time (¡7 days/.7 days between sample collection and freezing). This analysis is effectively an adjusted McNemar's test.
Logistic regression was also used to determine whether the total number of infections in a subject's paired samples (single/multiple) influenced concordance (yes/no). A paired t-test was used to compare the mean number of types detected per sample with transportation strategy (restricting to HPV-positive women). Paired t-tests were used to compare mean b-actin and HPV DNA levels in paired samples. Unpaired t-tests were used to compare b-actin levels with time between sample collection and laboratory storage (¡7 days/ .7 days), with separate analyses for dry and wet samples. All analyses were performed using STATA 11.0 software (StataCorp, 2009).
RESULTS
Two hundred women provided written informed consent and were enrolled into the study; 165 (82.5 %) returned a self-collection kit. Six local subjects who returned their samples in person rather than through the mail were excluded in this comparison of transportation strategies for mailed-in samples. The remaining 159 subjects included 79 women randomly chosen to collect the wet sample first and 80 women randomly chosen to collect the dry sample first. Subjects had a mean age of 22.7 years, a median lifetime number of partners of six, and a median number of male sex partners in the past 12 months of two. Two of the 318 (0.6 %) paired samples from 159 women were insufficient for PCR analysis; one dry sample and one wet sample collected by different subjects were HPV-negative, while the other sample in the pair was HPV-positive. Therefore, only data from 157 subjects contributing two sufficient samples were included in paired analyses.
HPV concordance between samples transported dry and wet
Overall, 51.0 % of the subjects were HPV-positive (Table  2) . Among the HPV-positive subjects, the mean number of HPV types detected per sample was comparable between dry (mean 2.6, SD 1.9) and wet samples (mean 2.7, SD 2.0) and while wet samples were more likely to be positive for multiple HPV types than dry samples (66.2 vs 64.8 %), the difference was not statistically significant (P50.85; Z-test).
The subject-level agreement between the two transportation methods was almost perfect (Landis & Koch, 1977) for detecting HPV (positive agreement of 91.9 %; k50.85), high-risk HPV (positive agreement of 92.3 %; k50.88), and low or undetermined risk HPV (positive agreement of 91.7 %; k50.88) ( Table 3) . The genotype-level agreement (pooled across HPV types) between the two transportation methods was also almost perfect for detecting any HPV (positive agreement of 90.1 %; k50.90), high-risk HPV (positive agreement of 93.0 %; k50.93) and low or undetermined risk HPV (positive agreement of 86.1 %; k50.86) ( Table 3) .
Twenty subjects (12.7 %) were discordant for at least one HPV type (Table 4) . Type-specific infections detected in samples from women who were positive for multiple versus single HPV types were more likely to be discordant (OR 3.3; P50.02) . Of all paired samples with at least one positive sample, 75.0 % had perfect typespecific concordance, 10.0 % had partial type-specific Furthermore, 81.9 % of type-specific infections were detected in both samples, 13.9 % were detected in the wet sample only and 4.2 % were detected in the dry sample only. Wet samples were more likely than dry samples to be positive for HPV (for genotype-level analysis, OR 3.3, 95 % CI 1.30-8.53; for subject-level analysis, OR 3.0, 95 % CI 0.81-11.08). Similar magnitudes of association were observed when restricting data to high-risk HPV types (data not shown).
The majority of samples (86.0 %) were rehydrated and frozen at the HPV laboratory within 1 week of sample collection. Discordance was generally more common in samples that were rehydrated and frozen more than 1 week after sample collection (18.2 %) versus those rehydrated and frozen within 1 week after collection (11.9 %), although these values were not statistically significant (P50.41). All discordant sample pairs with fewer HPV types detected in wet versus dry samples were rehydrated and frozen within 5 days after collection. When fewer types were detected in dry samples, however, more than half of the samples had transportation times exceeding 5 days, suggesting that longer times at ambient temperatures may affect the integrity of dry samples (Table 4 ). In fact, the OR for the likelihood of detecting type-specific HPV in wet versus dry samples was greater when samples were frozen .1 week after sample collection (OR 14.0; 95 % CI 3.58-54.69) than when samples were frozen ¡1 week after sample collection (OR 2.0; 95 % CI 0.66-6.07) (P50.03 for the interaction term for transport time by transportation strategy). No significant trends by randomization order were observed. In post-hoc analyses, we also examined whether geographical region or month of sample collection affected sample discordance or HPV detection (potentially due to temperature variations) but did not observe any notable trends.
Quantification of b-actin and HPV DNA in dry and wet samples b-Actin quantification was performed on 41 paired samples. In one pair, b-actin could not be quantified in the dry sample, which was also negative for b-globin by consensus PCR. In the remaining 40 paired samples, mean log 10 cellular DNA levels (ng ml 21 ) were comparable in wet HPV quantification was performed on 61 paired HPV type-specific infections (from 30 subjects), including 46 type-specific concordant pairs and 15 type-specific discordant pairs. Sixteen of 46 type-specific concordant pairs had undetectable HPV DNA by real-time PCR in one or both samples. Two type-specific concordant pairs with detectable HPV DNA could not be copy-corrected due to undetectable b-actin when quantified with type-specific HPV DNA. For the remaining 28 type-specific concordant pairs with detectable HPV DNA in both pairs, mean typespecific log 10 copy-corrected HPV DNA levels (ng ml 21 ) were lower in wet samples (2.26) than in dry samples (2.59) (P50.046).
In 10 of 15 of discordant pairs, HPV DNA was either undetectable (five pairs) or detected at a low level (,100 copies; five pairs) in the samples that were positive by consensus PCR. For example, in 63.6 % (7 of 11) of wetpositive/dry-negative discordant pairs tested, HPV DNA was undetectable (three pairs) or detected at a low level (four pairs) in the wet sample (Table 4) .
DISCUSSION
Our results indicate that dry transport is a feasible option for transporting at-home self-collected vaginal samples for HPV DNA testing. We observed almost perfect agreement for detecting HPV between samples transported dry versus in liquid medium, with the highest agreement observed for high-risk HPV types.
We observed higher agreement levels between samples transported in liquid medium and dry than has been reported in previous studies. Feng et al. (2010) observed substantial agreement between high-risk HPV (for positive agreement k 0.61) cervical samples, collected from 135 women (mean age 38) attending colposcopy or women's clinics in Ecuador, that were transported dry and wet. Time between sample collection and HPV testing was longer in the study of Feng et al. (2010) because samples were refrigerated for up to 6 months before they were shipped from Ecuador to Washington State for HPV testing. Differences in age, HPV prevalence and sampling site between Feng et al. (2010) and the present study could also account for differences in observed agreement. Our study population was younger (mean age 23) and the prevalence of high-risk HPV was higher (40.1 vs 23.1 %). Infections detected in younger women may be more likely to reflect newer HPV infections with higher viral loads (Winer et al., 2007) and because higher viral loads increase the likelihood of detecting the virus in a sample (Winer et al., 2007) , agreement between samples could be enhanced compared to infections with lower viral loads. Feng et al. (2010) compared clinician-collected cervical samples, while our study compared self-collected vaginal samples. We previously demonstrated that greater numbers of HPV infections were detected in paired vulvovaginal versus cervical samples, possibly due to the larger surface area of the vagina compared to the cervix (Winer et al., 2003 (Winer et al., , 2007 . Shah et al. (2001) compared three types of cliniciancollected samples for HPV detection among women aged 18-59 years (median age 24), including a vaginal dry swab, Table 3 . Comparisons of HPV detection rates in paired samples at the subject level (n5157) and genotype level (n558095157 paired samples¾37 HPV types) with percentages of positive agreement between paired samples transported either in a liquid solution (wet) or in no solution (dry).
HPV Detected
Number of samples Positive agreement* (a2d)), where a5the number of samples that were positive for HPV in both the wet and dry samples, d5the number of samples that were negative for HPV in both the wet and dry samples and N5all samples tested for HPV. DPercentile bootstrap methods with 1000 repetitions were used to compute k and 95 % CI in the type-specific comparison.
a vaginal wet swab and a cervical wet swab. As in our study, HPV prevalence in that population was high and the observed agreement between vaginal dry swabs and vaginal wet swabs in the detection of high-risk HPV (percentage overall agreement 95.8 %; k 0.81) was similar to that observed in the present study. Furthermore, Shah et al. (2001) showed that agreement was best for the detection of high-risk HPV types, similar to our study. The transfer of clinician-collected exfoliated cervical cells onto dry filter paper has also been evaluated as a method for transporting and storing samples for HPV testing (Banura et al. 2008; Kailash et al., 2002; Shukla et al., 2010) ; however, this method would not be feasible or effective for at-home selfcollection due to challenges inherent in smearing the cells onto the paper (Banura et al. 2008; Shukla et al., 2010) , which would result in a higher likelihood of sample insufficiency (Shukla et al., 2010) and would rely on the provision of a cytobrush or Ayre's spatula for sample adequacy (Shukla et al., 2010) .
Despite high agreement levels, we did observe that when paired samples were discordant, samples transported in liquid medium were more likely to be HPV-positive than samples transported dry. Gaydos et al. (2002) also observed a slightly higher sensitivity among samples transported in liquid medium versus dry for the detection of N. gonorrhoeae and C. trachomatis, and Feng et al. (2010) observed that among discordant pairs, high-risk HPV was more likely to be detected in samples transported in liquid medium.
Our results suggest that longer transport times may contribute to dry/wet sample discordance. Samples frozen at the HPV laboratory .1 week following sample collection were more likely to be discordant than samples frozen in ,1 week (18.2 vs 11.8 %, respectively). While the difference was not statistically significant (P50.41), the analysis was limited by the small number of paired samples frozen .1 week after collection. Furthermore, while similar cellular DNA levels were observed in paired dry versus wet samples, levels were lower (for both dry and wet samples) when samples were stored for .1 week after collection. A similar non-significant trend was observed by Baay et al. (2009) , who compared b-globin concentrations and purity in vaginal samples self-collected on-site to samples that were self-collected at home and mailed to the study centre and observed that DNA yield decreased with longer transport time. *Samples in italics were randomized to collect the dry sample first, followed by the wet sample. Non-italicized subjects were randomized to collect the wet sample followed by the dry sample. DHPV type DNA levels were undetectable in this sample.
Only one dry sample was insufficient for HPV testing and cellular DNA levels were comparable in paired dry and wet samples. In contrast, previous studies observed a higher proportion of dry samples that were insufficient for HPV testing (Shah et al., 2001; Feng et al., 2010) . Feng et al. (2010) reported that samples transported dry were more likely to be insufficient for HPV testing and have lower levels of genomic DNA; however, HPV viral loads were only 1.6 times lower in dry samples than in wet samples. Furthermore, Baay et al. (2009) observed that mailed vaginal samples had lower DNA yields; however, this had only a minimal effect on PCR amplification. After excluding pairs with undetectable levels of HPV DNA (more common in dry samples), HPV DNA levels were actually higher in dry samples in our study. Furthermore, we found that HPV DNA was either undetectable or detected at a low level (,100 copies) in the wet samples for the majority of wet-positive/dry-negative discordant pairs. These results suggest that the majority of infections missed by dry samples are less likely to be clinically relevant (Schlecht et al., 2003) .
Our results may not generalize to older or lower-risk women, given that our population was restricted to 18-24-year-old online daters. Given the potential utility of selfcollected samples for HPV testing in screening women ¢30 for cervical cancer, future studies should assess whether the comparability of transportation methods is similar among older populations.
In conclusion, vaginal self-collected samples transported dry are comparable to samples transported in liquid medium. Wet transported samples may be slightly more sensitive for HPV detection, but infections missed by the dry swab appeared to be less likely to be clinically relevant. Dry transport of at-home self-collected vaginal samples could expand possibilities for HPV screening (e.g. for women who are unable or unwilling to access medical care in a clinic, pre-visit cervical cancer screening and triage, or monitoring of persistent infections). Future studies should test the lengths to which samples transported dry can be shipped and stored at ambient temperatures and still be effective for HPV detection.
